Background. For years, the analysis of innate responses to the major mold pathogen Aspergillus fumigatus has been restricted to specialized cells, such as professional phagocytes. More recently, the contribution of the airway epithelial barrier has been assessed and studies have shown that it was able to sense and react to the Aspergillus infection, for example, by producing cytokines.
Background. For years, the analysis of innate responses to the major mold pathogen Aspergillus fumigatus has been restricted to specialized cells, such as professional phagocytes. More recently, the contribution of the airway epithelial barrier has been assessed and studies have shown that it was able to sense and react to the Aspergillus infection, for example, by producing cytokines.
Methods. To further explore the reaction of the respiratory epithelium to the fungus, we analyzed the proteome response of a human bronchial epithelial cell line to Aspergillus infection using difference gel electrophoresis. We studied the protein pattern of BEAS-2B cell culture supernatant after interaction of the cells with Aspergillus during a 15-hour coculture.
Results. We found formerly unknown aspects of bronchial cell behavior during Aspergillus infection: bronchial cells are able to develop both cellular defense mechanisms (ie, thioredoxin system activation) and immune reactions (ie, lysosomal degranulation and cathepsin activation) in response to the fungal aggression.
Conclusions. Bronchial epithelial cells appear to be a more important effector of antifungal defense than expected. Degranulation of lysosomal enzymes that might be responsible for both fungal growth inhibition and host cell damage suggests that inductors/inhibitors of these pathways may be potential targets of therapeutic intervention.
Aspergillus fumigatus is a ubiquitous mold responsible for a broad variety of diseases ranging from unmarked colonization to invasive fatal disease. Human contamination is achieved by inhalation of conidia that can reach the lower airway. In immunocompetent hosts, fungal growth is hampered by alveolar macrophages and polymorphonuclear neutrophils (PMNs) [1] [2] [3] .
However, in neutropenic patients and in patients whose phagocytic functions are impaired (eg, by corticosteroid treatment), conidia can germinate into hyphae; in this situation, the respiratory epithelium is an important element of defense against fungal expansion. Furthermore, patients whose respiratory functions are weakened by diseases such as cystic fibrosis, asthma, or chronic obstructive pulmonary disease are more vulnerable to fungal colonization by A. fumigatus and its potential evolution to allergic bronchopulmonary aspergillosis or necrotic forms of the disease [4, 5] . In these patients, the respiratory epithelium might also play an important role, as it is directly and durably in contact with the fungus.
However, compared with specialized cells such as PMNs and macrophages, the interaction between Aspergillus and the respiratory epithelium has received relatively little study, despite the fact that bronchial epithelial cells are able to release a broad variety of cytokines and chemokines [6] and internalize A. fumigatus conidia [7, 8] . Studies have also shown that different airway cell lines (A549 or BEAS-2B) are able to react to fungus components by producing different kinds of cytokines, for example, interleukin 6, interleukin 8 (IL-8), or tumor necrosis factor a (TNF-a) [9] [10] [11] . Other experiments have demonstrated the ability of primary nasal epithelial cells to phagocyte Aspergillus conidia. Although they are not able to kill them, the interaction leads to inhibition of germination, even outside the cells [12] .
Lysosomal hydrolases are involved in the degradation process of macromolecules, including proteins, lipids, or polysaccharides. In most cells, they are stored in the lysosomes that fuse to phagosomes following endocytosis. Some other cell types may contain lysosomal enzymes in specific secretory lysosomes [13] . These organelles can both degrade proteins inside the cell and undergo secretion into the extracellular space. Most cell types that possess secretory lysosomes are involved in immune system regulation, and secretory lysosomes play an important role in immune responses [13] .
To add depth to the understanding of the reaction process of the epithelial barrier when in contact with growing fungus, we performed a proteomic approach by difference gel electrophoresis (DIGE) to investigate the secretome of bronchial epithelial cells infected by A. fumigatus.
MATERIALS AND METHODS

Fungal Strains
For DIGE experiments, A. fumigatus clinical isolate Dal (CBS 144-89, Pasteur Institute) was used. For others experiments, A. fumigatus, Aspergillus niger, and Aspergillus flavus strains isolated from patients from Pitié-Salpêtrière Hospital (Paris, France) were used. Strains were grown on Sabouraud with chloramphenicol and gentamicin agar tubes at 37°C for 7 days. Conidia were harvested with phosphate-buffered saline (PBS) containing 0.01% Tween 20. For some experiments, conidia were killed by paraformaldehyde (PFA) or by boiling for 1 hour at 100°C. For some experiments, hyphae collected after 15 hours of culture were killed either by PFA or by boiling at 100°C. PFA use was followed by 3 washes with PBS before further steps.
Cell Lines
The human bronchial epithelial cell line BEAS-2B was cultured at 37°C in F12K medium (Kaighn modification) from Invitrogen with 10% fetal calf serum (FCS). Culture media were progressively depleted of FCS to avoid FCS protein contamination in DIGE experiments.
Confluent BEAS-2B cells in 75 cm 2 flasks were seeded with 12 3 10 6 conidia in 6 mL of medium. After 15 hours, supernatants were collected and passed through a 0. 
Gel Analyses
Gels were scanned using an Ettan DIGE Imager. Analysis was performed with DeCyder software version 6.5 (GE Healthcare). All gel images were processed using differential in-gel analysis (DIA) software to detect and normalize the protein spots. The standard was used to normalize gels by calculating the standardized abundance of each spot, that is, the ratio of either Cy3 or Cy5 signal to that of Cy2. Gel-to-gel matching and statistical analyses were performed with a biological variation analysis module. Gels were stained with SYPRO Ruby (Invitrogen). Selected spots were picked automatically using the EXQuest spot cutter and PDQuest Advanced software (Bio-Rad) and placed into a 96-well plate. Picked gels were scanned to check the localization of the punched spots.
Protein Identification
Gel plugs were subjected to overnight in-gel tryptic digestion as previously reported [14] . In brief, each spot was digested with a solution containing 20 ng/lL trypsin on ice during 1 hour, then overnight at 37°C. Peptides were analyzed by tandem mass spectrometry using an Ultimate 3000 nano LC system (Dionex) coupled to an Esquire HCTultra nESI-IT-MS (Bruker Daltonics). A search for protein identity was performed using MASCOT (http://www. matrixscience.com). Confident matches in the SwissProt database were defined by the MASCOT score and statistical significance (P , .05), the number of matching peptides, and the percentage of total amino acid sequences covered by matching peptides.
The degree of release of NAGase by BEAS-2B cells was assessed by measuring the increase of NAGase activity in supernatant of infected cells compared with controls [15] . Activity was determined by incubating 100 lL of sample with 50 lL of 4-nitrophenyl N-acetyl-b-D-glucosaminide (SigmaAldrich) in 50 mM of citrate buffer (pH, 4. 
Immunoblotting
For immunoblotting, new experiments were conducted with flasks. In some immunoblotting experiments, equal quantities of protein were run on 12% acrylamide gels and transferred onto nitrocellulose membranes. To ensure that equal amounts of protein were loaded, we analyzed the membrane after red Ponceau staining by using the 1-dimensional gel analysis of Image QuantTL software (GE Healthcare). In others experiments, the full supernatants of the different conditions were concentrated, then loaded in the gel; in this case, loading control was inadequate. The following antibodies were used: anti-cathepsin B (Calbiochem), anti-cathepsin D (Oncogene), and anti-caspase 9 (Abcam). A horseradish peroxidase-labeled antirabbit antibody was used as a secondary antibody. Western blot analysis was performed using enhanced chemiluminescence plus Western blotting detection reagent (Amersham) and an Ettan DIGE scanner. In some experiments signal intensity was quantified using the 1D gel analysis of Image QuantTL software (GE Healthcare).
Statistics
Differences in NAGase release were assessed by analysis of variance.
RESULTS
DIGE Approach Showed That A. fumigatus Induced the Release of Lysosomal Enzymes and Proteins of the Thioredoxin System by Bronchial Epithelial Cells
A DIGE experiment is shown in Figure 1 . Among the 1516 detected spots, we focused on 309 that presented a significant variation between the infected and noninfected conditions, that is, a P value ,.005 and a fold-change variation value .1.5 (absolute value). We successfully identified 65, resulting finally in 42 nonredundant proteins, mostly of fungal origin (Fekkar et al, in preparation). We also identified human origin proteins corresponding to spots that were overexpressed in infected cells compared with controls (Table 1 and Figure 2 ). We found 3 proteins known to be localized in the lysosomal compartment: NAGase, cathepsin B, and cathepsin D. Some of the identified proteins belonged to the thioredoxin system. Indeed, compared with the noninfected cell supernatant, the infected cell supernatant contained higher levels of thioredoxin as well as thioredoxin reductase, glutaredoxin-3, and SH3 domainbinding glutamic acid-rich-like protein 3. This result indicated that the bronchial cells reacted to the fungal aggression by releasing proteins belonging to the redox detoxification pathway.
Enzymatic Assay Confirmed the Release of NAGase by Infected Cells
To confirm the release of NAGase by infected cells, we performed NAGase enzymatic assays using different conditions. BEAS-2B cells were infected by either A. fumigatus (Dal strain and patient strain), or A. niger or A. flavus conidia during a 15-hour culture, or with different inoculums of A. fumigatus Dal strain. Results showed that A. fumigatus induced the release of about 10% of the cellular NAGase ( Figure 3A ). Of note, the NAGase assays performed with BEAS-2B infected by either A. niger or A. flavus conidia showed that these species induced less release than did A. fumigatus ( Figure 3A) . The release was fungal load dependent, increasing with the number of conidia ( Figure 3B ). NAGase enzymatic assay was subsequently used to assess the lysosomal enzyme release by the BEAS-2B cell line.
Cell Degranulation Required Live Fungus and Was FungalGrowth Dependent
To investigate whether the release was induced preferentially by spores or hyphae, we performed a NAGase enzymatic assay after stimulating cells for 15 hours with either PFA-killed spores or PFA-killed hyphae, previously grown during a 15-hour culture. No specific release of NAGase was detected. Correspondingly, heat-killed conidia or hyphae did not stimulate NAGase release ( Figure 3C ). To evaluate whether a particular developmental stage of Aspergillus was implicated in the release of enzymes, cultures were stopped at different times (at 2, 4, 6, 8, 10, and 15 hours). As shown in Figure 3D , the release increased gradually between 4 and 10 hours then dramatically between 10 and 15 hours. Of note, the difference in release between infected and noninfected cells was not significant before the 10th hour. To assess the implication of the PI3K and the p38 MAPK pathways in the cellular response, we performed experiments with specific inhibitors ( Figure 3E ). The PI3K and the p38 MAPK Figure 1 . A, Example of a gel from the differential in-gel electrophoresis (DIGE) experiment. Noninfected cell condition is shown. Proteins are labeled with cyanine CyDye 5. The first separation is in a pH gradient of 4-7 and the second in a 12% wt/vol polyacrylamide gel. B, False-colored views of the 3 images from a single gel retrieved by ImageMaster 2D Platinum 6.0 software (GE Healthcare). For this gel, cyanine 3 (red ) was used to label the infected condition and cyanine 5 (blue ) to label the noninfected condition; as for all gels cyanine 2 (yellow ) was used to label the standard mix. The bottom image represents a superimposition of Cy3 and Cy5. Thus, spots of proteins that are overexpressed in the infected condition appear in red, and those that are overexpressed in the noninfected condition appear in blue. Spots corresponding to proteins whose expression is not modified by the infection appear in magenta. Abbreviation: pI, isoelectric potential.
inhibitors diminished NAGase release by approximately 60% and 70%, respectively. The inhibitors had no effect on the release of NAGase by nonstimulated cells. Of note, when the inhibitors were incubated with Aspergillus only, they had no effect on fungal growth. We concluded that the release of lysosomal enzymes is partly dependent on the PI3K and p38 MAPK pathways. The kinetics of the release of NAGase in the presence or absence of either PI3K or p38MAPK inhibitors are similar to those of IL-8 release by BEAS-2B cells stimulated with A. fumigatus in the same conditions [11] . As IL-8 is known to induce degranulation of PMN, we wanted to test whether the release of lysosomal enzymes was a consequence of IL-8 release by BEAS-2B cells stimulated by A. fumigatus. However, when IL-8 was added to BEAS-2B cells, no specific NAGase release was detected (data not shown).
Immunoblotting Confirmed That Bronchial Cells Release Cathepsin and Showed Activation of Cathepsins B and D After A. fumigatus Stimulation
Immunoblotting was used to explore A. fumigatus-induced release of cathepsins B and D. As shown in Figure 4A -C, 2 bands corresponding to the 31-kDa active single chain form and the 25-kDa subunit of the 2-chain form were clearly visible in the infected condition and absent in the noninfected condition supernatants, whereas the 43-kDa inactive proenzyme was present in the noninfected condition and dramatically diminished in the infected condition [16] [17] [18] . Figure 4D shows the specific presence of cathepsin D in the supernatant of infected cells.
A. fumigatus Proteases Were Not Responsible for Cathepsin Cleavage
Growing A. fumigatus hyphae produce numerous enzymes that are found in culture supernatant, including proteolytic enzymes that may cleave and activate human cathepsins. To investigate whether activated fragments of cathepsins were produced by the cells or were a consequence of cleavage by the fungal proteases, we performed immunoblotting as follows: supernatants of noninfected BEAS-2B cells were collected and mixed with a 15-hour culture of A. fumigatus. After 1 hour of incubation, the supernatant was collected and subjected to immunoblotting. No bands corresponding to the active forms of cathepsin B were seen, indicating that Aspergillus (at this timepoint) was not able to cleave the pro form of cathepsin B into mature forms ( Figure 4C ). This result argues in favor of both the release and the activation of the lysosomal enzyme cathepsins by BEAS-2B cells following A. fumigatus stimulation.
Lysosomal Secretion Did Not Induce BEAS-2B Cell Apoptosis or Necrosis
Cathepsins are increasingly studied for their implication in the onset of apoptotic/necrotic phenomena [19] . However, microscopic examination of the cell culture did not find features of dead cells (such as unstuck or rounded cells), and as mentioned above, no significant release of LDH was observed at 15 hours of infection. We performed immunoblotting to assess the activation of caspase 9 in the cell lysates. No difference was observed between infected and noninfected conditions ( Figure 5 ). The absence of plasma membrane rupture and caspase 9 activation argues in favor of the absence of an apoptotic/necrotic role for lysosomal enzyme secretion and/or Aspergillus infection [19, 20] .
DISCUSSION
We report in this article the ability of bronchial epithelial cells to react to Aspergillus infection via 2 mechanisms: (1) release of Fold ratio represents the medium variation of spot volume between infected cell and control cell supernatants as determined by the DeCyder software; t test is between infected and noninfected conditions; and the identification score is given by Mascot: the first value indicates the Mascot score and the value in parentheses indicates the number of different peptides identified by mass spectrometry. All scores were highly significant.
Abbreviations: MW, molecular weight; N-acetyl-b-D-glucosaminidase, b-hexosaminidase; pI, isoelectric potential.
lysosomal enzymes that may be involved subsequently in the immune response and (2) release of proteins involved in the redox system that may protect cells from damage caused either by the fungal aggression or by the host inflammatory response. Our approach relied on a novel proteomic DIGE analysis of cell culture supernatants, and on the use of an immortalized cell line, BEAS-2B, that has been shown to behave and react in a similar manner to primary cells [21] [22] [23] . Subsequent to fungal growth and hyphae formation, BEAS-2B cells release lysosomal enzymes in the culture supernatant. This release was time dependent and involved only hyphae. Although the internalization of Aspergillus conidia by nonprofessional phagocyting endothelial cells may occur and consequently involve the lysosomal compartment and their related proteins, as was the case here with the BEAS-2B line, we wish to emphasize that the observed release of lysosomal enzymes is unlikely to be related to the internalization of the conidia. Indeed, we demonstrated here that killed conidia did not induce NAGase release, whereas their internalization by epithelial cells occurred at the same rate as with live conidia (data not shown). Internalization of dead conidia has also been reported using the A549 cell line [24] . Moreover, it has been shown that conidia are internalized and trafficked into endosomallysosomal compartments rapidly after contact with airway cells [12] , whereas in our experiments, no significant NAGase release occurred before 10 hours. This indicates that it is unlikely that the release is related to conidia ingestion; it is more probably related to fungal growth. The importance of fungal growth, that is, conidia germination and hyphae development that lead to major modifications in the fungal surface-exposed antigens, has been described in other models of cell/fungus interactions [25] . Hohl et al [25] showed that alveolar macrophages begin releasing TNF-a after 5 hours of contact with Aspergillus, and that the release increases dramatically after 7 hours, that is, after the swelling process of the conidia has initiated and b-glucans becomes exposed on the surface. The antigenic signal that triggers lysosomal degranulation clearly needs further study.
Secretory lysosomes play an important role in the immune response [13] , and NAGase has been identified as an important factor for the control of mycobacterial infection [26] . Recently, Urb et al [15] showed that mature A. fumigatus hyphae were able to induce mast cell degranulation and consequently the release of lysosomal enzymes. Interestingly, A. fumigatus induces more release than do other species such as A. niger or A. flavus. Of note, our results agree with those of Urb et al, who also found a stronger capacity for mast cell degranulation in A. fumigatus. They also observed that A. flavus induced more release than A. niger, as we did. It has been shown that NAGase activity is increased in different kinds of pulmonary aggression [27] . However, given that human bronchial epithelial cells are not considered to be important immune effectors or to be professional secretory cells, there have been no studies to our knowledge that aimed to ascertain whether these cells were able to release lysosomal enzymes following A. fumigatus infection.
The direct effects of lysosomal enzyme degranulation on either human cells or the fungal pathogen are uncertain. Cathepsin B is also involved in apoptosis [19, 28, 29] and the 31-kDa single chain form of cathepsin B is active at a pH of 7; thus its release might be deleterious for extracellular proteins [30] . Martin et al [31] recently showed that in patients with cystic fibrosis, airway levels of cathepsin B were positively correlated with inflammatory markers such as C-reactive protein or IL-8. The authors did not discuss the possibility of Aspergillus being the cause of the high level of cathepsin in this particularly at-risk population. In a mouse model of a secretory lysosomal disease, lysosomal stress along with increased levels of cathepsin D in the lung have been implicated in the apoptosis of alveolar epithelial type II cells (AEC II) and that of the MLE-12 cell line (established from pulmonary mouse tumors) [32] . However, in our study, we observed no apoptotic/necrotic features after lysosomal degranulation, although lysosomal enzymes might also have deleterious effects at length.
Moreover, despite the fact that lysosomal degranulation of bronchial cells was not sufficient to hamper the fungal development in our in vitro model, airway cell degranulation might nonetheless be considered as an effective backing against Aspergillus and one of the first responses to fungal growth. Further studies should be performed to evaluate this hypothesis. The finding that lysosomal secretion did not hamper fungal growth in our model is in accordance with what Urb et al [15] described, as even the degranulation of the very specialized mast cells did not damage Aspergillus.
DIGE analysis permitted the detection of 4 proteins involved in the antioxidant pathway and secreted at higher levels by the infected cells: thioredoxin (discussed below); thioredoxin reductase, which is necessary to keep thioredoxin in its reduced form; glutaredoxin, which is another redox enzyme with glutathione as a cofactor; and the SH3 domainbinding glutamic acid-rich-like protein 3, which may act as a modulator of glutaredoxin activity. Recently, Gomez et al [33] have shown that the human bronchial epithelial cell line (16HBE14o-) infected by A. fumigatus conidia had increased levels of transcripts from another protein involved in the antioxidant pathway, glutathione S-transferase.
Thioredoxin plays an important role in organism defenses against oxidative stress, such as that brought on by reactive oxygen species [34] . It has also been shown to provide protective effects in a mouse model of lung inflammation [35] . Thioredoxin is furthermore recognized as an inhibitor of the apoptosis pathway [36, 37] , notably via the inhibition of caspase 3 and 9 activation. In our model, it is conceivable that the release of the cathepsins by the infected cells did not trigger apoptosis because of the thioredoxin release, which might be itself secondary to some mycotoxin, such as gliotoxin released by the growing fungus.
In conclusion, we have demonstrated in our study that A. fumigatus induces the release and activation of lysosomal enzymes by bronchial cells as well as proteins of the redox system. The latter might generate protective effects against the deleterious effect of the former. Further experiments using primary cells or in vivo conditions should be performed to further explore these results. Lysosomal enzymes may participate in both the control of fungal growth and human cell self-damage; the effect of their release on both human and fungal cells should therefore receive closer scrutiny. Figure 5 . Absence of caspase 9 activation in the cell lysates of BEAS-2B cells infected or not infected by Aspergillus fumigatus. In total, 15 lg of proteins collected from cell lysates following 15 h of culture were loaded on a 12% acrylamide gel. Immunoblotting using anticaspase 9 antibody (Abcam 32 539) and horseradish peroxidase-labeled antirabbit secondary antibody was revealed using Enhanced Chemiluminescence Plus (Amersham) and Ettan DIGE Imager scanning.
